The two-component system, consisting of a histidine (His) protein kinase that senses a signal input and a response regulator that mediates the output, is an ancient and evolutionarily conserved signaling mechanism in prokaryotes and eukaryotes. The identification of 54 His protein kinases, His-containing phosphotransfer proteins, response regulators, and related proteins in Arabidopsis suggests an important role of two-component phosphorelay in plant signal transduction. Recent studies indicate that two-component elements are involved in plant hormone, stress, and light signaling. In this review, we present a genome analysis of the Arabidopsis two-component elements and summarize the major advances in our understanding of Arabidopsis two-component signaling.
Two-component systems are involved in various signal transduction pathways in many prokaryotes, fungi, slime molds, and plants (Stock et al., 2000) . The prototypical two-component system is a major signaling mechanism that mediates the response to various environmental stimuli in bacteria. It typically consists of a membrane-localized His protein kinase that senses the input signal, and a response regulator, e.g. a transcription factor, that mediates the output (Fig. 1A) . Signaling is initiated when the His protein kinase, modulated by the environmental stimulus, autophosphorylates its conserved His residue. The phosphoryl group is transferred to a conserved Asp residue on the response regulator that results in modulation of its activity. In bacteria, yeasts, slime molds, and plants, multistep phosphorelay has evolved with additional phosphotransfer steps involving His phosphotransfer and receiver domains or proteins that connect to final response regulators or other signaling outputs (Fig. 1B; Wurgler-Murphy and Saito, 1997; Stock et al., 2000; Thomason and Kay, 2000) . For example, the SLN1/YPD1/SSK1 phosphorelay in yeast translates a change in osmolarity into the phosphorylation state of the response regulator SSK1, which then modulates the HOG1 MAPK cascade in the cytosol to control gene expression (Fig. 1B; Wurgler-Murphy and Saito, 1997) . The completion of the Arabidopsis genome sequence has revealed 54 genes encoding putative His kinase (AHK), His phosphotransfer (AHP), response regulator (ARR), and related proteins (Fig. 2) , suggesting that two-component signaling is likely involved in many facets of plant cell regulation (Imamura et al., 1999; D'Agostino et al., 2000; Sakakibara et al., 2000; Urao et al., 2000b; Lohrmann and Harter, 2002; Schaller et al., 2002) . The identification of putative His protein kinases as the photoreceptor phytochromes, a putative osmosensor, and the cytokinin and ethylene receptors supports the importance of two-component proteins in plant signal transduction (Elich and Chory, 1997; Hughes and Lamparter; Urao et al., 1999; Bleecker and Kende, 2000; Inoue et al., 2001) . Recent studies have also provided evidence that AHPs and ARRs play essential roles in cytokinin and light signaling (Hwang and Sheen, 2001; Sakai et al., 2001; Sweere et al., 2001; Haberer and Kieber, 2002) . However, the functions of most plant twocomponent proteins have not been determined. This review presents a genome-wide analysis of the twocomponent proteins in Arabidopsis and provides a framework for future functional dissection of twocomponent systems in plant signal transduction.
HIS PROTEIN KINASES AND RELATED PROTEINS
Sequence analysis of the entire Arabidopsis genome has revealed that there are at least 16 distinct Arabidopsis genes encoding putative His protein kinases and related proteins (Table I) . Analyzed by the Clustal X program (Thompson et al., 1997) , Arabidopsis histidine protein kinase homologs are represented by three distinct families: the ethylene receptors, the phytochrome photoreceptors, and the AHK family including a cytokinin receptor (CRE1/AHK4/ WOL1) and a putative osmosensing receptor (AtHK1; Fig. 3 ; Table I ). A typical His protein kinase has five conserved signature motifs, H, N, G1, F, and G2, with the conserved His as the central feature in the H motif. The other four motifs define the nucleotide-binding cleft ( Fig. 4A ; Stock et al., 2000) .
The five conserved signature motifs are known to be functionally important for His protein kinase activity (Stock et al., 2000) . These motifs are not always conserved together (Chang and Stadler, 2001) . Two of the ethylene receptors, ETR2 and ERS2, and all of the PHYs lack all five motifs and may not act as His protein kinases. EIN4 has the conserved His residue but is missing the other four signature motifs. Thus, only eight of the 16 genes likely possess His protein kinase activity (Fig. 4A ). With the exception of ERS1, these Arabidopsis proteins are hybrid His kinases that carry both the His protein kinase domain and receiver and/or receiver-like domains at the C terminus (Figs. 2 and 4B; Chang et al., 1993; Urao et al., 2001; Schaller et al., 2002) . Despite extensive analyses of the phytochrome photoreceptors and ethylene receptors, the in vivo functions of His protein kinase activities and/or His protein kinase-like domains remain unclear (Bleecker and Kende, 2000; Krall and Reed, 2000; Smith, 2000; Schaller et al., 2002) . Currently, the importance of His protein kinase activities in plant signal transduction has only been demonstrated for the AHK family members (Urao et al., 1999; Hwang and Sheen, 2001; Inoue et al., 2001; Ueguchi et al., 2001 ).
THE AHK FAMILY
The AHK family consists of six hybrid His protein kinases, AtHK1, AHK2, AHK3, AHK4 (CRE1/WOL), AHK5 (CKI2), and CKI1, with a receiver domain fused to the kinase domain, which contains the conserved His phosphorylation site (Figs. 2 and 4; T. Kakimoto, personal communication). These proteins share 38% to 69% similarity in the entire amino acid sequences. A subfamily contains three members (AHK2, 3, and AHK4/CRE1/WOL) sharing 52% to 54% amino acid sequence identity. The N terminus of AtHK1 and CKI1 consist of two or three transmembrane domains and an extracellular domain, followed by a C-terminal kinase domain and a receiver domain. AHK2, AHK3, and AHK4 (CRE1/WOL) exhibit a similar structure with an additional receiverlike domain. AHK5 (CKI2) lacks the N-terminal transmembrane domains, but instead contains two coiled domains, probably for interaction with other proteins in the cytoplasm ( Fig. 2A) .
Similar to the bacterial and yeast osmosensing pathways, a plant His protein kinase, AtHK1, has been implicated in osmosensing (Urao et al., 1999) . Expression of AtHK1 complemented a yeast double mutant (sln1 sho1) lacking its two osmosensors and allowed the mutant to grow in high-salt media. Interestingly, the AtHK1 transcript is most abundant in roots and is up-regulated by external osmolarity changes (Urao et al., 1999) . However, the precise function of AtHK1 in plant cells requires further investigation.
Recent genetic and molecular studies have provided strong evidence that cytokinins are perceived by AHK2, 3, and CRE1/AHK4/WOL (Kakimoto, 1996; Hwang and Sheen, 2001; Inoue et al., 2001; Suzuki et al., 2001a; Ueguchi et al., 2001) . Explants of the cre1-1 (cytokinin response 1) mutant showed a lack of cytokinin responses such as cell proliferation, greening, and shoot formation (Inoue et al., 2001 ). The wol (wooden leg) mutants displayed defects in the root vascular system due to the impairment of proper asymmetric cell division in the early stages of embryogenesis (Mahonen et al., 2000) . These phenotypes bring together the role of CRE1/WOL as a cytokinin receptor and demonstrate cytokinin functions in cell division. In heterologous yeast expression systems, CRE1/AHK4 complemented budding and fission yeast mutants that lacked the endogenous His protein kinase and restored the ability to grow in a cytokinin-dependent manner. The conserved His and Asp mutations abolished a cytokinin-dependent growth (Inoue et al., 2001; Suzuki et al., 2001a) . Cytokinin-dependent His protein kinase activity of AHK4 was also shown to complement an Escherichia coli mutant (Suzuki et al., 2001a) . In addition, binding assays in yeast revealed that AHK4 proteins directly bind active cytokinins such as isopentenyladenine, t-zeatin, and benzyladenine with a K m of 4.5 nm (Yamada et al., 2001) . In Arabidopsis protoplasts, expression of CRE1/AHK4/WOL enhanced binding of t-zeatin on the cell surface (I. Hwang and J. Sheen, unpublished data). Interestingly, the wol mutation in the putative extracellular ligand-binding domain disrupted cytokinin binding to CRE1/AHK4/WOL (Mahonen et al., 2000; Yamada et al., 2001) . These experiments provide compelling evidence that CRE1/AHK4/WOL is a cytokinin receptor and perceives extracellular cytokinins. In Arabidopsis protoplasts, CRE1/AHK4/WOL enhanced the promoter activity of a primary cytokinin-responsive gene ARR6 in a cytokinin-dependent manner (Hwang and Sheen, 2001) . Furthermore, CRE1/AHK4/WOL with mutations in the conserved His and Asp residues exerted dominant negative effects and diminished the cytokinin response, suggesting that His protein kinase activity and phosphoryl transfer are required for CRE1/AHK4/WOL function in cytokinin signaling (Hwang and Sheen, 2001) .
Interestingly, although cytokinin is important for leaf and shoot meristem development, wol and cre1 mutant plants lack obvious mutant leaf and shoot phenotypes. Because CRE1/AHK4/WOL is predominantly expressed in roots (Mahonen et al., 2000) , cytokinin perception may be exerted by the closely related AHK2 and AHK3 in leaf and shoot development in wild-type plants. AHK3 is expressed in root, leaf, flower, and stem, and AHK2 is expressed in root, leaf, and flower (Ueguchi et al., 2001) . Although AHK2 could not complement the yeast His protein kinase mutant (Ueguchi et al., 2001) , AHK2 expression in Arabidopsis protoplast could activate the cytokinin-responsive ARR6 promoter in a cytokinin- ARR2 has a receiver domain followed by a DNA-binding domain (B motif) and a Pro-/Gln-rich transactivation domain, whereas ARR3 only carries a receiver domain. APRR1 and APRR2 have an atypical receiver domain similar to ARR2, but with N, E, and K motifs. In addition to a receiver-like domain, APRR1 and APRR2 have C and B motifs, respectively. Diagrams are not to scale. RD, Receiver domain; BD, DNA-binding B motif; AD, transactivation domain; D, Asp; N, Asn; E, Glu; K, Lys. dependent manner (Hwang and Sheen, 2001 ). In addition, AHK3 also enhanced promoter activity of the cytokinin-responsive ARR6 gene in the presence of cytokinin (Hwang and Sheen, 2001 ) even though it complemented the yeast His kinase mutant in the absence of cytokinin (Ueguchi et al., 2001 ). More recent progress has shown that AHK2 and AHK3 could complement the yeast sln1 His protein kinase mutant in a cytokinin-dependent manner (T. Kakimoto, personal communication) . Based on the analysis using the PSORT program (Nakai and Horton, 1999) , AHK2, AHK3, and CRE1/AHK4/WOL are probably localized to the plasma membrane (Inoue et al., 2001; Ueguchi et al., 2001 ).
CKI1, a hybrid His protein kinase with one conserved receiver domain, has also been implicated in cytokinin signaling. Overexpression of CKI1 confers cytokinin-independent cell division and shoot formation on transgenic callus (Kakimoto, 1996) . CKI1 has low amino acid sequence similarity to CRE1 with only 25% identity and the putative extracellular domain (presumably the ligand-binding domain) of CKI1 is completely different from that of CRE1. This sequence divergence and the failure of cytokinin binding to CKI1 in yeast argue against the function of CKI1 as a cytokinin receptor (Yamada et al., 2001) . In Arabidopsis protoplasts, however, the expression of CKI1 activated the cytokinin-responsive ARR6 promoter in the absence of exogenous cytokinin, indicating that CKI1 is a constitutively active His protein kinase connected to cytokinin signaling. Mutations in the conserved His and Asp residues lost their ability to induce a cytokinin response in the protoplast system (Hwang and Sheen, 2001) , suggesting that CKI1 is involved in cytokinin signaling. CKI1 is localized Figure 3 . Unrooted relationship tree of His protein kinases and related proteins in Arabidopsis. The tree is branched into three groups: the ethylene receptors, the photoreceptor phytochromes, and the AHK members. The entire amino acid sequences of His protein kinases were aligned by the Clustal X program (Thompson et al., 1997) and the relationship tree was produced by the TreeView program (Page, 1996) . The AHK members, the ethylene receptors, and the phytochromes are in light-gray, gray, and dark-gray shade, respectively. Sharrock and Quail (1989); 12, Clack et al. (1994) .
to the plasma membrane (Hwang and Sheen, 2001 ). Currently, we cannot exclude the possibility that overexpression of CKI1 provides higher kinase activities that nonspecifically activate unrelated signaling pathways. Another possibility is that CKI1 might be part of a cytokinin receptor complex or recognizes cytokinins in a manner distinct from that of CRE1/ AHK4/WOL. Recent studies have shown that CKI1 is expressed in the ovule and endosperm, but not in the embryo, based on the expression patterns of a CKI1::GUS reporter construct in transgenic plants (T. Kakimoto, personal communication). Analyses of CKI1 mutants suggest that CKI1 is involved in female gametophyte development and homozygous cki1 mutant is lethal (Pischke et al., 2001) . It remains to be shown whether cytokinin plays a role in reproductive organ development.
The function of AHK5 (CKI2) may also be related to cytokinin signaling. The dominant cki2 mutant was obtained in an activation-tagging screen, which also identified the dominant cki1 mutant (Kakimoto, 1996) . A further analysis of AHK5 (CKI2) is necessary to elucidate its precise cellular functions.
THE ETHYLENE RECEPTOR FAMILY
Molecular and genetic studies have suggested that ethylene is perceived by a family of five receptors (ETR1, ETR2, EIN4, ERS1, and ERS2) in Arabidopsis (Chang et al., 1993; Hua et al., 1995 Hua et al., , 1998 Sakai et al., 1998b ; for review, see Bleecker and Kende, 2000; Chang and Stadler, 2001 ). The ethylene receptor family shows characteristic features of an N-terminal ethylene-binding transmembrane domain, a GAF protein-protein interaction domain, and a His protein kinase domain, but falls into two subfamilies based on amino acid sequence similarity: ETR1 and ERS1 with 68% identity and 80% similarity, and ETR2, EIN4, and ERS2 with 47% to 48% identity and 61% to 63% similarity (Fig. 4) . ETR1 and ERS1 have all five typical His protein kinase motifs, but the other subfamily members lack most of the consensus motifs of a His protein kinase. Interestingly, ETR1, ETR2, and EIN4 carry a receiver domain, but not ERS1 and ERS2. Because these five proteins perform partially redundant functions, it is possible that they form complexes and carry out the phosphotransfer process (Hua and Meyerowitz, 1998; Hua et al., 1998; Urao et al., 2000) . The analysis of etr1 ers1 double mutants will be useful to determine the role of His protein kinase activity in ethylene signaling.
It has been demonstrated that ethylene binds to ETR1 and ERS1 in yeast (Schaller and Bleecker, 1995; Rodriguez et al., 1999; Hall et al., 2000) . It remains to be determined whether ethylene binds to ETR2, EIN4, and ERS2. Despite the genetic evidence that the receptors are negatively regulated by the ethylene signal (Hua and Meyerowitz, 1998) , the biochemical mechanism of their action, such as modulation of His protein kinase activity by ethylene binding, is still unclear. The similarity of the ethylene receptors to sensor His protein kinases and the finding that ETR1 has His protein kinase activity in vitro (Gamble et al., 1998) suggest that ethylene signaling could be mediated by a two-component system. Currently, there is no evidence for the involvement of AHPs or ARRs in ethylene signaling. Instead, CTR1 (a RAF-like protein kinase), which may activate an MAPK cascade, has been proposed to be a direct target of ethylene receptor action (Kieber et al., 1993; Clark et al., 1998 ). However, it remains possible that additional ethylene signaling pathways mediated by two-component proteins occur in addition to the CTR1 signaling pathway (Lohrmann and Harter, 2002) .
THE PHYTOCHROME FAMILY
Phytochromes are photoreceptors enabling plants to regulate growth and development in response to light signals (for review, see Genick and Chory, 2000; Smith, 2000) . The cyanobacterial phytochrome Cph1 is a light-regulated His protein kinase and mediates phosphotransfer to the response regulator Rcp1 (Yeh et al., 1997) . This discovery and sequence similarity of plant phytochromes to bacterial His protein kinases suggested that higher plant phytochromes might be His protein kinases and that light signaling in higher plants could use a light-regulated phosphotransfer mechanism. In Arabidopsis, there are five photoreceptor phytochromes: PHYA, PHYB, PHYC, PHYD, and PHYE (Sharrock and Quail, 1989; Clack et al., 1994) . These phytochromes have two major structural domains (Fig. 2) . The aminoterminal domain has a covalently attached linear tetrapyrrole chromophore for light absorption and photoreversibility. The carboxy terminus consists of two PAS domains and a domain related to the His protein kinase for signal transduction. Plant phytochromes are soluble proteins with structural features similar to those of sensor His protein kinases, with an N-terminal sensor and a C-terminal His protein kinase domain. However, none of the phytochromes contain the five conserved motifs essential for His protein kinase activity (Fig. 4) . Analyses of phyB mutants have suggested that the His protein kinaserelated domain is important for PHYB signaling, but removal of this domain does not eliminate PHYB activity (Krall and Reed, 2000) . In addition to the direct interactions with NDPK2 or transcription factors (Smith, 2000) , it has been proposed that plant phytochromes exert Ser/Thr, not His, kinase activity in response to light (McMichael and Lagarias, 1990) . Oat (Avena sativa) phytochrome could be autophosphorylated on Ser/Thr residues in a light-dependent manner (Yeh and Lagarias, 1998) . Using the yeast two-hybrid screen, a PHYA substrate PKS1 has been identified in Arabidopsis (Fankhauser et al., 1999) . PKS1 encodes a basic soluble protein. These studies indicate that plant phytochromes have diverged from the ancestral His protein kinase as Ser/Thr kinases with a new activity.
HIS PHOSPHOTRANSFER PROTEINS
The functional importance of hybrid His protein kinases implicates the necessity of another player in the HIS-to-ASP phosphorelay to serve as an intermediate by acquiring and transferring phosphate to separate receiver proteins, ARRs. Five Arabidopsis genes, AHP1 through AHP5, encode putative intermediate proteins with a His phosphotransfer domain (Table II ). All of them contain the highly conserved XHQXKGSSXS motif, which includes the His phosphorylation site (Fig. 5) . Further extensive search of the Arabidopsis genome revealed a sixth gene (AHP6/APHP1) in which the His residue in the phosphorylation motif is replaced by an Asn. However, a potential His phosphorylation residue is found two amino acids away (Fig. 5) . The amino acid sequences of AHP2 and AHP3 show 81% identity, suggesting possible functional redundancy of these genes. AHP2 has 45% identity with AHP1. Functional complementation analysis using a yeast ypd1 mutant demonstrated that AHP1, AHP2, and AHP3 could act as phosphorelay intermediates (Miyata et al., 1998; Suzuki et al., 1998) . Yeast two-hybrid assays have been used to show that AHP1, AHP2, and AHP3 interact with ARR1. AHP2 also interacts with other B-type ARRs, ARR2, and ARR10, but not with A-type ARRs such as ARR3 and ARR4 (Suzuki et al., 2001b) . Although phosphotransfer from AHP1 or AHP2 to ARR3 and 4 has been reported (Suzuki et al., 1998; Imamura et al., 1999) , it is likely that AHPs preferentially interact with B-type ARRs. In vitro studies showed that AHP1 is able to acquire a phosphoryl group at the conserved His site (Suzuki et al., 1998) . AHP proteins could interact with hybrid His protein kinases such as AtHK1, ETR1, CKI1, and CRE1 in the yeast and E. coli two-hybrid assays (Urao et al., 2000a; Suzuki et al., 2001a) . Thus, AHPs could be phosphoryl-transfer intermediate proteins in multistep phosphorelay signal transduction. Analyses of AHP-greenfluorescent protein (GFP) fusions revealed that AHP1 and AHP2, but not AHP5, are translocated from the cytoplasm to the nucleus in a cytokinin-dependent manner (Hwang and Sheen, 2001) . The results support the idea that AHPs form a physical link between the plasma membrane-localized sensor kinase and the nuclear response regulators in cytokinin signaling (Fig.  9 ). Ectopic expression of AHP2 caused hypersensitivity to cytokinin and inhibited root and hypocotyl elongation in the dark (Suzuki et al., 2002) . However, the specific phosphorelay of AHPs from hybrid His protein kinases to ARRs has not been demonstrated. The action of AHPs does not seem to be rate limiting because overexpression of AHP proteins does not affect cytokinin-responsive reporter gene expression (Hwang and Sheen, 2001) . Considering the larger number of sensors and response regulators, His protein kinases probably converge on and share AHP proteins to direct different signals on response regulators. The functional specificity of AHPs could be determined by other interacting proteins. Such functional interactions might be as important as the phosphorelay itself to transmit specific inputs from different signals and sensors to specific regulatory outputs.
RESPONSE REGULATORS
The completion of the Arabidopsis genome sequence has also revealed the existence of 32 genes encoding putative response regulators and related proteins that are not fused to the His protein kinase domain ( Fig. 6 ; Table III; see also Schaller et al., 2002) . Alignment of the predicted amino acid sequences shows that the receiver domains of Arabidopsis response regulators contain the conserved Asp and Lys residues, which are the hallmark in response regulators of prokaryotes and yeasts (Fig. 7) . Based on the predicted protein domain structures and amino acid sequences, these response regulators fall into three distinct subfamilies: the A-type ARRs with only the receiver domain, the B-type ARRs with the receiver domain fused to the DNA-binding domain, and the pseudoresponse regulators with the atypical receiver domain (Figs. 2 and 7; Table III ). Members of the APRR (Arabidopsis pseudoresponse regulator) family share significant sequence similarity with ARRs in the putative receiver domain, but they do not have conserved D-D-K motifs in the receiver domain (Fig. 2) .
THE A-TYPE ARR FAMILY
The cDNA of seven members of the Arabidopsis A-type response regulators, ARR3 through ARR9, were first cloned by searching Arabidopsis expressed sequence tags (ESTs) based on homologies to the sequences of cyanobacteria response regulators (Imamura et al., 1998 (Imamura et al., , 1999 . Their domain structures are similar to the CheY E. coli response regulator involved in chemotaxis (Imamura et al., 1998) . Further Arabidopsis EST and genomic database searches revealed that there are three additional A-type ARR family members, ARR15, ARR16, ARR17, and ARR22 ( Fig. 6 ; Table III ). The A-type ARRs are mainly composed of a receiver domain and short N-and C-terminal extensions without any typical output domain (Fig. 2) . The amino acid sequences of receiver domains show 50% to 93% identity among A-type response regulators, but are very distinct from those of the B-type ARRs, displaying less than 30% amino acid identity in the receiver domain (Fig. 7A) . Interestingly, five pairs of highly homologous ARRs (Fig.  6 ) are located on the duplicated regions in chromosome 1 (ARR3 and ARR4, ARR7 and ARR15), chromosomes 3 and 5 (ARR5 and ARR6), and chromosomes 2 and 3 (ARR8 and ARR9, ARR16 and ARR17) of the Arabidopsis genome ( Fig. 8; AGI, 2000 ; Vision et al., 2000) . These ARRs are likely to have redundant functions. ARR22 is more similar to the receiver domains of the hybrid kinases than to the other response regulators (Schaller et al., 2002) . The expression of ARR3 to ARR9 was induced very rapidly and specifically by cytokinin (Brandstatter and Kieber, 1998; Taniguchi et al., 1998; Kiba et al., 1999) , indicating that these A-type ARR genes are primary cytokinin response targets and possibly involved in cytokinin signaling. The expression patterns of an ARR5::GUS reporter construct revealed the presumed endogenous cytokinin action sites in transgenic plants, such as the shoot and root meristems. However, treatment with exogenous cytokinin activated ARR5::GUS expression ubiquitously (D'Agostino et al., 2000) . Thus, the cytokinin signaling pathway may exist in most cell types (Hwang and Sheen, 2001) . Nitrate application also activated ARR3 through ARR9 expres- sion (Taniguchi et al., 1998; Kiba et al., 1999) , presumably due to the elevation of cytokinin levels by nitrate (Takei et al., 2001) . Expression of ARR4 and ARR5 was also found to be sensitive to environmental stress such as drought, salt, and low temperature , suggesting a molecular link between stress and cytokinin signaling.
In a protoplast transient expression system, ARR4, ARR5, ARR6, and ARR7 acted as negative regulators to repress the expression of the cytokinin-responsive ARR6 promoter (Hwang and Sheen, 2001 ), providing a negative feedback mechanism in cytokinin signaling. The distinct target genes of ARRs and relative degree of the negative regulation may direct specific signaling mechanisms to mediate particular cytokinin responses in different cell types during plant growth and development. GFP fusions of ARR5, ARR6, and ARR7 are exclusively localized in the nucleus and this localization is not affected by cytokinin treatment, whereas ARR4-GFP is localized both in the cytoplasm and nucleus (Hwang and Sheen, 2001; Sweere et al., 2001; I. Hwang and J. Sheen, unpublished data) . Interestingly, recent studies have found that ARR4 interacts with the N terminus of PHYB and stabilizes its active form by inhibiting the dark reversion (Sweere et al., 2001) . Because PHYB does not have His protein kinase activity, it is unlikely that ARR4 is a direct target of PHYB. This result raises the possibility that ARR4 could serve as a signaling module at which cytokinin and light signal transduction pathways converge to integrate information from these two signals (Hwang and Sheen, a Alternative names are given in parentheses. b Systematic names given to genes by MIPS (http://mips.gsf.de/proj/thal/) from AGI sequencing project.
c BAC accession nos. are for genomic DNA sequences deposited in NCBI database (http://www.ncbi.nlm.nih.gov/). d Gene expression is based on northern analysis, cloned cDNA, or the presence of EST. The no. of ESTs in the MIPS database is indicated. An asterisk indicates that there is no EST in the database.
e The no. of predicted amino acids. f The no. of Garlic (G) and SALK (S) T-DNA insertion lines available from TMRI/Syngenta (http://www.tmri.org) and Salk Institute Genomic Analysis laboratory (http://signal.salk.edu), respectively, is presented. The toc1 mutant has a point mutation (Strayer et al. 2000) . 2001; Lohrmann and Harter, 2002) . These studies support the idea that response regulators could be key components in plant signal transduction at which different signaling pathways interact and integrate. Currently, the physiological roles of most A-type ARRs in plant development remain mostly unknown (Table III) . Further functional analyses are required to elucidate their precise role in plant signal transduction.
THE B-TYPE ARR FAMILY
There are 12 putative B-type ARRs in the Arabidopsis genome ( Figs. 2 and 7 ; Table III ). The amino acid sequences of the receiver domains have 30% to 72% identity among B-type ARRs, with the exception of ARR23. Although ARR23 contains the conserved phosphoryl-accepting Asp, it might be a pseudogene because its predicted coding region has only 145 amino acids and a partial B motif ( Fig. 7 ; Table III ; Schaller et al., 2002) . In addition to the N-terminal receiver domain, B-type ARRs have a large C-terminal region (Fig. 2) . This C terminus contains an 80-amino acid stretch (B motif) that distantly resembles the DNA-binding domain of the c-Myb proto-oncogene protein and a glutamine-rich domain (Lohrmann et al., 1999 (Lohrmann et al., , 2001 Sakai et al., 2000) . The conserved B motif of the B-type response regulators suggests a role as transcription factors. The B motifs of ARR1 and ARR2 bound synthetic oligonucleotides with a 5Ј-(A/T) GAT(A/T)-3Ј core, and their C-terminal halves functioned as a transactivation domain when fused to the GAL4 DNA-binding domain in bombarded plant cells (Sakai et al., 2000) . ARR2 could also bind specifically to a conserved promoter of the plant nCI genes (the nuclear genes for mitochondrial respiratory complex I; Lohrmann et al., 2001) . It was also shown that the C-terminal domain of ARR11 could activate transcription when fused to the GAL4 DNA-binding domain (Lohrmann et al., 1999) . The presence of a potential nuclear localization signal VRK(R/K) R in the C-terminal regions of ARR1 and ARR2 is another indication that these B-type ARRs are transcriptional factors. Transient expression of the GFP fusions of ARR1, ARR2, ARR10, and ARR11 showed their nuclear localization in Arabidopsis protoplasts (Hwang and Sheen, 2001; I. Hwang and J. Sheen, unpublished data) . Deletion of the receiver and the transactivation region or mutation of the conserved Asp in the receiver domain did not affect nuclear localization of ARR2 (Hwang and Sheen, 2001) .
Emerging evidence supports the model that the B-type ARRs control cytokinin-inducible A-type ARR gene expression (Hwang and Sheen, 2001; Sakai et al., 2001) and are key players in cytokinin signaling. For instance, ARR1 overexpression in transgenic Arabidopsis plants caused hypersensitivity to cytokinin in shoot regeneration, inhibition of root elongation, and induction of several A-type ARR genes expression, whereas an arr1 mutant appeared to be partially resistant to cytokinin (Sakai et al., 2001) . The lack of overt phenotypes in the arr1 mutant could be due to functional redundancy provided by other B-type ARRs. In Arabidopsis protoplasts, overexpression of several B-type ARRs such as ARR1, ARR2, and ARR10 activated the promoter of the cytokininresponsive gene, ARR6 (encoding an A-type ARR), in the absence of cytokinin. Cytokinin treatment further induced ARR6 promoter activity (Hwang and Sheen, 2001 ). The function of ARR2 in cytokinin signaling was further confirmed in transgenic Arabidopsis plants where overexpression of ARR2 mimicked cytokinin effects and promoted cell proliferation and shoot formation in tissue cultures in the absence of exogenous cytokinin (Hwang and Sheen, 2001) . Using the established protoplast system and transgenic assays, the function of other members of the B-type ARR family in cytokinin signaling can now be tested. However, to elucidate the precise functions of all ARR genes, examining their expression patterns in plants is critical. The expression of ARR1, ARR2, ARR10, and ARR11 are generally detectable in all tissues, but they do display distinct spatial expression patterns Lohrmann et al., 1999) . ARR1 and ARR2 are predominantly expressed in roots (Sakai et al., 1998a) , in which the expression of ARR10 and ARR11 is hardly detectable (Lohrmann et al., 1999) . Thus, different members of the B-type ARR family could be responsible for cytokinin actions in distinct cell types or act in other twocomponent signaling pathways. In contrast to A-type ARRs, the expression of B-type ARRs is not affected by either cytokinins or nitrate or other plant hor- mones (Imamura et al., 1999; Kiba et al., 1999; Lohrmann et al., 1999) .
In a plant transient assay, the truncation of N-terminal receiver domain of ARR1 led to an increase in the transcription activation function of ARR1, and in transgenic plants, the truncated ARR1 increased the expression of A-type ARR genes (Sakai et al., 2000 (Sakai et al., , 2001 . It was proposed that cytokinindependent phosphorylation of ARR1 could relieve the inhibition imposed by the receiver domain. However, overexpression of the wild-type ARR1 and ARR2 in protoplasts or transgenic plants is sufficient to mimic cytokinin responses in the absence of exogenous cytokinin (Hwang and Sheen, 2001; Sakai et al., 2001) . In addition, the mutation of the presumed phospho-accepting Asp residue in ARR2 did not alter its transcription activity based on the ARR6 promoter assay (Hwang and Sheen, 2001 ). An alternative explanation for the importance of the two-component phosphorelay could be that the cytokinin-dependent phosphotransfer to the receiver domain activates ARR proteins by liberating them from endogenous repressors (Fig. 9) . Phosphorylation of the Asp residue in the receiver domain of ARRs may not directly regulate nuclear localization, DNA binding, or intrinsic transcription activities.
THE ARR-LIKE FAMILY
Extensive analyses of the Arabidopsis genome sequence revealed the presence of nine genes encoding ARR-like proteins, called pseudoresponse regulators (APRR1-APRR9; Table III ; Makino et al., 2000) . The receiver domains of APRRs show 30% to 36% identity Figure 9 . Model of the two-component signal transduction pathways in Arabidopsis. The cytokinin signal is perceived by multiple His protein kinases at the plasma membrane. Upon perception of the cytokinin signal, His protein kinases initiate a signaling cascade via the phosphorelay that results in the nuclear translocation of AHPs (Hwang and Sheen, 2001) . Activated AHPs may interact with sequestered ARRs or ARR complexes, transfer the phosphate to the receiver domain of its cognate B-type ARR, releasing these activation-type ARRs from putative repressors in the nucleus. The dephosphorylated AHP shuttles back to the cytosol, where it can be rephosphorylated. The liberated ARRs bind to multiple cis elements in the promoter of target genes. The activation of the repressor-type ARRs as primary cytokinin response genes provides a negative feedback mechanism. In addition to the CTR1 signaling pathway, additional ethylene signaling pathways could be mediated by two-component components (Lohrmann and Harter, 2002) . Red light and cytokinin signaling is converged at ARR4. ARR4 stabilizes the active form of PHYB by inhibiting dark reversion (Sweere et al., 2001 ). Stress and Glc may also modulate two-component signaling with the receiver domain of ARR1. However, the three invariant amino acid residues (D-D-K) in typical bacteria and yeast RRs are not conserved (Figs. 2  and 7A ). The phosphate-accepting Asp (D) of the receiver-like domain is replaced by Glu (E), Asn (N), or Gln (Q). However, despite significant sequence divergence, many APRRs have Asp residues in the conserved motifs (Fig. 7A ) and could still act as the final outputs of two-component phosphorelay in plants.
Some APRR proteins contain a distinctive Cterminal motif identified within the CO (CONSTANS) transcription factors Strayer et al., 2000) . The C motif (or CCT motif) is rich in basic amino acids (Arg and Lys) and contains a putative nuclear localization signal Strayer et al., 2000) . The function of APRR1/TOC1 is best understood from the analysis of the toc1 (timing of CAB expression) mutant with shortened periods of circadian rhythms (Strayer et al., 2000) . The APRR1/ TOC1 protein is localized in the nucleus and regulates photoperiodic control of flowering. The expression of APRR1/TOC1 itself is also subject to circadian rhythm (Putterill et al., 1995; Kobayashi et al., 1999; Makino et al., 2000; Strayer et al., 2000) . Interestingly, the APRR2 and APRR4 proteins contain a DNA-binding B motif at their C terminus (Fig.  7B) . Analyses of APRR1 and APRR2 in vitro showed that their receiver-like domains did not contain phospho-accepting activity . Expression of several APRR genes is controlled by circadian rhythm with a coordinated sequential expression of APRR9, APRR7, APRR5, APRR3, and APRR1/ TOC1 after dawn in a 24-h photoperiod (Matsushika et al., 2000 Makino et al., 2001 Makino et al., , 2002 . These rhythmic events of APRR transcription are proposed to be a basis of the presumed Arabidopsis circadian clock, but their physiological roles in plant development is still unclear.
CONCLUSION AND PERSPECTIVES
The Arabidopsis genome has 54 genes distributed among five chromosomes that encode putative twocomponent elements and related proteins (Fig. 8) . Recent progress has provided compelling evidence for the involvement of a two-component circuitry in Arabidopsis cytokinin signaling (Hwang and Sheen, 2001; Inoue et al., 2001; Sakai et al., 2001; Suzuki et al., 2001a; Haberer and Kieber, 2002; Lohrmann and Harter, 2002) . However, the physiological functions of most two-component regulators in plant signal transduction remain to be determined (Urao et al., 2000b; Lohrmann and Harter, 2002; Schaller et al., 2002) . By analogy to the yeast osmosensing pathway, it has been proposed that the ethylene receptors and a putative osmosensor act as sensor His protein kinases and transmit signals through an MAPK cascade in Arabidopsis (Clark et al., 1998; Urao et al., 1999) . The importance of His protein kinase activities and specific MAPK cascades will need to be demonstrated for both signaling pathways in plant cells.
Apparently, plants also adopted the prokaryotic two-component signaling pathways without a link to eukaryotic MAPK cascades. A multistep twocomponent phosphorelay system with distinct AHK, AHP, and ARR proteins plays a central role in cytokinin signal transduction (Fig. 9) . This Arabidopsis cytokinin signaling pathway consists of four steps: (a) Distinct plasma membrane His protein kinases appear to initiate a phosphorelay cascade upon cytokinin perception; (b) the signals initiated at these His protein kinases converge on AHP proteins that serve as phosphorelay carriers between the cytokinin receptors and the downstream nuclear responses; (c) nuclear AHP translocation enables the activation of B-type ARR proteins, which in turn activate the transcription of A-type ARRs; and (d) the transcriptional activation of A-type ARRs provides a negative feedback mechanism in controlling the transient induction of primary cytokinin responsive genes (Hwang and Sheen, 2001; Inoue et al., 2001; Sakai et al., 2001; Suzuki et al., 2001a) . The B-type ARRs appear to be the central rate-limiting regulators in cytokinin signaling, manifested by their abilities to mimic a broad spectrum of cytokinin actions when overexpressed in transgenic Arabidopsis plants and tissues. The B-type ARRs may interact with other tissue-specific proteins to mediate different cytokinin responses. The A-type ARRs may act as negative regulators in cytokinin signaling by competing with B-type ARRs for AHP bindings. Transiently expressed A-type ARRs may also interact with other effectors to mediate yet unknown, secondary responses to cytokinin (Haberer and Kieber, 2002) . The proposed model provides a framework for dissecting the molecular mechanisms underlying cytokinin actions in various plant cytokinin responses (Fig. 9) . Further studies will be required to elucidate the details of cytokinin perception and protein-protein interactions that are essential in cytokinin signaling in different cell types.
The use of E. coli and yeast mutant complementation has provided a rapid functional assay for plant two component proteins. The yeast two-hybrid assay has also shown direct interactions between many Arabidopsis two-component molecules (Imamura et al., 1998; Lohrmann et al., 2001; Suzuki et al., 1998 Suzuki et al., , 2001a Suzuki et al., , 2001b . However, it is well known that twocomponent signaling elements are promiscuous and can interact with elements from non-physiological two-component systems (Stock et al., 1989 (Stock et al., , 2000 Schaller et al., 2002) . The physiological functions and specificity of the interactions among two-component regulators could be further clarified in plant cells. In addition, detailed expression analyses of all twocomponent elements at the cellular level and the systematic isolation and characterization of knockout mutants will help to define their precise roles in plants. With the exception of AtHK1 and ARR19, Arabidopsis T-DNA insertion mutant lines of 52 twocomponent genes are now available (Tables I-III) . The potential functional redundancy of twocomponent elements may explain the difficulty in isolating cytokinin signaling mutants and recessive ethylene receptor mutants by classical genetic screens. Thus, combining multiple loss-of-function mutations (Hua and Meyerowitz, 1998) will be necessary to reveal the physiological functions of twocomponent signal transduction pathways in planta.
Two-component systems may play important roles in the plant-signaling network that connects cytokinin, ethylene, light, stress, and Glc signals. Phenotypic analysis of a Glc insensitive mutant gin2 has revealed a new molecular link between Glc and cytokinin signaling through the regulation of ARR gene expression (Rolland et al., 2002; F. Rolland and J. Sheen, unpublished data) . Cytokinin and red light signaling are found to converge at ARR4 (Sweere et al., 2001) . Stress signaling may also utilize twocomponent elements . The challenge will be to understand the molecular and biochemical mechanisms underlying different plant signaling pathways that employ two-component elements. The identification of target genes of response regulators will facilitate the dissection of the complex network of plant signal transduction.
